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TITLE OF THE INVENTION 

PHONON-BLOCKING, ELECTRON-TRANSMITTING 
LOW-DIMENSIONAL STRUCTURES 



10 Cross Reference to Related Documents 

This application claims priority to U.S. Provisional Application No. 60/327,030 
filed in the United States Patent and Trademark Office on October 5, 2001, the entire 
disclosure of which is incorporated herein by reference. This application is related to U.S. 
Provisional Application No. 60/190,924 filed in the United States Patent and Trademark 

15 OfiSce on March 21, 2000, the entire disclosure of which is incorporated herein by 
reference. This application is related to U.S. Patent No. 6,300,150 Bl, the entire 
disclosure of which is incorporated herein by reference. This application is also related to 
U.S. Provisional Application No. 60/253,743, "Spontaneous Emission Enhanced Heat 
Transport Method and Structures for Cooling, Sensing, and Power Generation", filed 

20 November 29, 2000, the entire disclosure of which is incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

Field of the Invention 

25 This invention relates to thermoelectric devices and applications of the same as 

coolers/heaters or power converters. The thermoelectric devices utilize thin film and/or 
superlattice technologies to improve the materials properties and improve device 
performance. 
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Discussion of the Background 

Application of solid state thermoelectric cooling is expected to improve the 
performance of clectromcs and sensors such as for example RF receiver front-ends, 
infrared (IR) imagers, ultra-sensilivc magnetic signature sensors, and superconducting 
5 electronics. Bulk thermoelectric materials t>pically based on p-BixSba-xTea and n-Bi2Te3. 
xSCx alloys have flgures-of-merii (ZT) or cocfilcients of performance (COP) which result 
in poor thermoelectric device performance. 

The performance of thermoelectric devices depends on the figure-^f-merit (ZT) of 
the material given by 

10 ZT = (a-T/oKT) ■ • (1) 

where a, T, o, Kj are the Seebcck cocfTicicnt, absolute temperature, electrical 
condcutivity, and total thermal conductivity, respectively. Z, the material-coefficient, can 
be expressed in terms of lattice thermal conductivity (Kl), electronic thermal conductivity 
(Kc) and carrier mobility (|i), for a given carrier density (p) and the corresponding a, 

15 yielding eqn. (2). 



Here, U is the Lorenz number, approximately 1 .5xlO"'V^/K^ in non-degenerate 
semiconductors. State-of-the-art thermoelectric devices utilize alloys, typically p- BixSba- 
xTe3.ySey (x~0.5, y~0.12) and n-Bi:(SeyTe, .,)j (y~0.05) for the 200K-400K temperature 
20 range. For certain alloys, Kl can be reduced more strongly than \i leading to enhanced ZT. 
A ZT of 0.75 at 300K in p-type Bi»Sb..»Te3 (x-1) was reported forty years ago. 
See for example Wright, D.A., Nature vol. I S I . pp. 834 ( 1 958). Since then, there has 
been modest progress in the ZT of thermoelectric materials near 300K. The highest ZT in 
any bulk thermoelectric material at 300K appears to be ~1 . 14 for p-type (Bi2Te3)o:25 
25 (Sb2Te3)o.72 (Sb2Se3)o.o3 alloy. See for example Ettenberg, M.H., Jesser, W.A., & Rosi, 
F.D., "A new n-type and improved p-type pscudo-tcmaiy ^iaTeaXSbaTpjXSbzSes) alloy 
for Peltier cooling," Proc. of 15* Inter. Conf. on Thcrmoelectrics, IEEE Catalog. No. 
96TH8169, pp. 52-56 (1996). 
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Several approaches have been investigated to enhance ZT. 

In bulk materials, cage-like structures simulating a phonon glass/electron crystal 
have been examined for reducing Kl without deteriorating the electronic mobilities. See 
for example Slack, G. A. & Tsoukala, V. G., "Some properties of semiconducting LrSba," 
5 J. Appl. Phys. vol. 76, pp. 1665-1671 (1994). 

A ZT greater than 1 has been reported in LaFe3CoSbi2 at T>700K, attributed 
primarily to reduction of Kl from La-filling. See for example Sales, B.C., Mandrus, D. & 
Williams, R.K., "Filled sketturudite antimonides: a new class of thermoelectric 
materials," Science vol. 272, pp. 1325-1328 (1996). A ZT of approximatelyl.35 was 

10 reported in CeFe3.5Coo.5Sbi 2 where, although a dramatic reduction in Kl of the filled 
skuterrudite was observed near 300K, there was apparently less role of La-filling at higher 
temperatures where the enhanced ZT was observed. 900K. See for example 
Venkatasubramanian, R., •^Cascade Cryogenic Thermoelectric Cooler," U.S. Patent 
Application No. 60/190.924; the entire contents of which are incorporated herein by 

15 reference. A ZT significantly greater than 1 has not been demonstrated at ordinary 
temperatures (300K). 

A one-to-one correlation between lower Kl and enhanced ZT has not been 
established. More importantly, the concept of individually tailoring the phonon properties 
for thermal conductivity reduction without deteriorating electronic transport, thereby 

20 enhancing ZT, has not been established, prior to the present invention. Thin-film 
thermoelectric materials offer a tremendous scope for ZT enhancement, and three generic 
approaches have been disclosed. 

One approach in\olves the use of quantum-confinement effects to obtain an 
enhanced density-of-stales near Fermi-energy. See for example Hicks, L.D. & 

25 Dresselhaus, M.D. Effect of quannini-wcU stmctures on the thermoelectric figure of 
merit. Phys. Rev. B 47, pp. 12727-12731 (1993). 

A second approach involves phonon-blocking/electron transmitting superlattices. 
See for example Venkatasubramanian, R., *Thin-fihn superlattice and quantum-well 
structures - a new approach to high-performance thermoelectric materials," Naval Res. 

30 Rev. vol. 58, pp. 31-40 (1996). See also Venkatasubramanian, R. et al, "Organometallic 
Epitaxy of Bi2Te3 and Related Materials and the Development of Planar, Monolithically- 
Interconnected, Superiattice-Structxired, High-Efficiency Thennoelectric Elements", Proc. 
Of 1st National Thermogenic Cooler Workshop (ed. Hom, S.B.) 196-231 (Center for 
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Night Vision and Electro-Optics, Fort Belvoir, VA, 1992). See also Venkatasubramanian 
R. and Colpitis. T., Material Research Society Symposium Proceedings, Vol. 478, p.73, 
(1997). See also Venkatasubramanian R., Timmons, MX., and Hutchby. J A., Proc. Of 
12th International Conf. On Thermoelectrics, Yokohama, ed. by K. Matsuura, 322, 1 
5 (1993). These structures utilize acoustic-mismatch between the superlattice components 
to reduce KL while avoiding the conventional alloying for reducing KL, thus potentially 
eliminating alloy scattering of carriers. See for example Venkatasubramanian, R., Naval 
Res. Rev. Vol. 58, pp. 31-40 (1996), R. Venkatasubramanian, E. Siivola, T. Colpitts, and 
B. O'Quinn, 18^** International Conference on Thermoelectrics, IEEE (1999) p. 100-103, 
10 and Venkatasubramanian, R. et al., "Low-temperature organometallic epitaxy and its 
application to superlattice structures in thermoelectrics," Appl. Phys. Lett. vol. 75, pp. 
1104-1106, (1999). 

A third approach is based on thermionic effects in heterostnictures. See for 
example Mahan, G.D. & Woods, L.M., '^Multilayer thermionic refrigeration," Phys. Rev. 
15 Lett. Vol. 80, pp. 4016-4019 (1998), and Shakouri, A. & Bowers, J.E., 'THeterostructure 
integrated thermionic coolers," Appl. Phys. Lett. voL 71, pp. 1234-1236 (1997). 

However, in all these approaches the degree of acoustic mismatch between the 
thermoelectric heterostnictures has not been ^plied to thermally conducting stractures 
without simultaneously deteriorating the electronic transport or with simultaneously 
20 enhancing the electronic transport or with simultaneously removing the electrical 

anisotropy and therefore significantly limiting the enhanced thermoelectric performance 
of the ensuing materials and devices disclosed therein. 

SUMMARY OF THE INVENTION 
25 Accordingly, one object of the present invention is to provide an improved 

thermoelectric material and novel thermoelectric devices incorporating the improved 
material. 

Another object of the present invention is to produce a phonon-blocking electron 
transmitting structure. 

30 Still a further object of the present invention is to realize, using the above-noted 

phonon-blocking electron transmitting structure, improved thermoelectric coolers and 
improved heaters and thermoelectric power converters. 
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Still a further object of this invention is to realize periodic nanostructures, with 
dimensions of the periodicity in the range of 10 to 100 Angstroms at least along one of the 
coordinate axes, such that phonon propagation along at least one of the coordinate axes is 
impeded, thereby reducing the lattice thermal conductivity in that direction, without 
5 deteriorating electronic transport along the same direction, thereby enhancing the ZT. 
These and other objects are achieved according to the present invention by 
providing a novel thermoelectric structures which include at least first and second material 
systems having different lattice constants and interposed in contact with each other, and a 
physical interface at which the at least first and second material systems are joined with a 

10 lattice mismatch and at which stractural integrity of the first and second material systems 
is substantially maintained. The at least first and second material systems have a charge 
carrier transport direction normal to the physical interface and preferably periodically 
arranged in a superlattice structure. The at least first and second material systems in 
contact with each other have a lattice nMsmatch in a plane perpendicular and/or in a plane 

15 parallel to a central axis common to both materials systems. A periodicity of the at least 
first and second material systems is configured to reduce thermal conduction in a 
direction along the periodicity. The perpendicular plane is substantially normal to an 
electrical carrier transport direction in the device, and the lattice mismatch provides an 
acoustic mismatch to reduce the thermal conduction along the electrical carrier transport 

20 direction. 



BRIEF DESCRIPTION OF THE DRAWINGS 
A more complete appreciation of the invention and many of the attendant 
25 advantages thereof will be readily obtained as the same becomes better understood by 
reference to the following detailed description when considered in connection with the 
accompanying drawings, wherein: 

Figure 1 is a graph depicting hole transport across a Bi2Te3/Sb2Te3 superlattice 
interface can be understood from a) the anticipated heterojimction band-diagram; b) the 
30 observed hole mobiUty anisotropy versus superlattice period for the case of dBi2Te3=dsb2Te3 
= (1/2) period; c) the hole mobihty anisotropy in other Bi2Te3/Sb2Te3 superlattices.; 

Figure 2 is a graph depicting the thermal conductivity as a function of a 
superlattice period; 
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Figure 3a depicts a schematic and a gr^h illustrating measurement of 
thermoelectric material properties by a 4-probe Harman method; 

Figure 3b depicts a graph showing Ohmic and Peltier voltages across a 
thermoelement derived jfrom a variable-thickness ZT measurement; 
5 Figure 3c depicts another graph showing Ohmic and Peltier voltages across a 

thermoelement derived from a variable-thickness ZT measurement; 

Figure 3d depicts a graph showing Ohmic and Peltier voltage results of a Hamian- 
method transient on a 5.4.micron-thjck 10A/50A Bi2Te3/Sb2Te3 superlattice material of 
the present invention; 

10 Figure 4 is a graph depicting the temperature-dependence of Z of a 10A/50A p- 

type Bi2Te3/Sb2Te3 superlattice of the present invention, as compared to Z for those of 

several recently reported materials; 

Figure 5 is a graph depicting Ohmic and Peltier vohages across a themioelement 

derived from a variable-thickness ZT measurement on a 10A/50A n-type 
15 Bi2Te3/Bi2Te2..85Seo.i5 superlattice of the present invention indicating an intrinisic ZT of 

L46; 

Figure 6 is a graph depicimg cooling in p-type Bi2Te3/Sb2Te3 superlattice thin-film 
devices of the present invention; 

Figure 7 is a graph depicting cooling power density in p-type Bi2Te3/Sb2Te3 
20 superlattice thm-fihn devices of the present invention; 

Figure 8 is a graph depicting heal flux across a thin-film superiattice device of the 
present invention; 

Figure 9 is a graph depicting open-circuit voltage as a ftmction of temperature 
differential in a thin-film superlattice de\'icc of the present invention; 
25 Figure 10 is a graph of ZT as a fimction of temperature for one p-type 10A/50A 

Bi2Te3/Sb2Te3 superiattice of the present invention and an n-type 10A/50A 
Bi2Te3/Bi2Te2..85Seo.i5 superiattice of the present invention in the temperature range of 
290 to 410K; 

Figure 11 is a graph depicting the temperature-dependence of ZT of an n-type 
SO 10A/40A Bi2Te3/Bi2Te2..s5Seo.i5 superiattice of the present invention with a ZT of as 
much as --2.58 at 300K with a peak ZT of -2.93 occurring around 290K; 
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Figure 12 is a schematic depicting the fonnation, from a thin j5ka superlattice 
structure, an one-dimensional superlattice phonon-blocking structure of the present 
invention; 

Figure 13 is a schematic depicting the formation, from a thin fihn superlattice 
5 stmcture, a quantum dot or quantum box superlattice phonon-blocking structure of the 
present invention; 

Figure 14 is a schematic depicting a quantum dot structure superlattice phonon- 
blocking structure of the present invention; 

Figure 15 is a schematic of a thermoelectric device of the present invention 
10 utilizing p and n type thermoelements having the phonon-blocking structures of the 
present invention. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 
15 The present invention utilizes phonon-blocking to enhance ZT via a thermal 

conductivity reduction in for example superlattice stmctures, thus avoiding a recourse to 
solid solution alloying and thereby eliminating alloy scattering of carriers ttiat reduce the 
electrical conductivity. The "ideal" superlattice structures of the present invention block, 
reduce, or impede the propagation of lattice phonons, but not tihie charge (i.e. electrical) 
20 carriers. 

In the structures of the present invention, a phonon transport barrier exists along a 
principal heat-conducting axis of these structures, no electrical barrier exists for carrier 
transport along this axis, and quantum confinement of charge carriers in directions normal 
to the heat-conducting axis increases the electronic density of states and thereby improves 

25 the Seebeck coefficient and thus the figure of merit ZT for fliese stmctures. The phonon 
transport barriers minimize thermal transport along the heat-conducting axis of the 
thermoelectric material during the device operation. Further, a physical interface between 
the two material systems forming the superlattice accommodates across the interface 
lattice mismatch between the two material systems. By accommodating the lattice 

30 mismatch across the interface, the subsequent growth of either of the materials in the 
superlattice system occurs without substantial dismption to the intervening physical 
interface as would occur for example in strongly covalently bonded systems such as for 
example SixG^i.^ 2nd SiyGei.y superlattices. Accordingly, in the present invention. 
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ebmpt interfaces between lattice mismatched superlattice materials forai the afore- 
mentioned phonon tran^ort barriers. 

In this disclosure, a major enhancement in thermoelectric figure-of-merit (ZT) at 
300K of -2.4 in p-type Bi2Te3/Sb2Te3 superlattices is disclosed as well as a similar, 
5 although less dramatic, ZT-1 .4 in n-type Bi2Te3/Bi2Te2.83Seo. 1 7 superlattices. 
Further, alternative superlattice and other heterogeneous theraioelectric material 
structures are disclosed herein. The use of superlattices, as for example the superlattices 
described herein, can substantially enhance electrical conduction along the direction 
normal to the superlattice interface, over what would be realized in comparable alloys. 
10 This enhancement occurs by the formation of conduction mdnibands and/or the removal of 
band offsets in certain superlattice structures (such as for example a 10A/50A 
Bi2Te3/Sb2Te3 structure) that typically occur at the hetero-interfaces. Such effects are 
also likely in other superlattice material systems such as PbTe/PbTeSe, ZnSb/CdSb,. 
PbTe/SnTe, InAs/GaAs, Si/Ge, HgTe/CdTe, Bi2Te3/As2Te3, Bi2S3/As2S3, etc., 
15 whereby the use of superlattices can greatly improve the electrical transport perpendicular 
to the periodic superlattice interfaces, in addition to reducing the lattice themial 
conductivity perpendicular to the superlattice interfaces. Especially of interest in these 
material systems, for removing the electrical barriers associated with band offsets, are 
superlattices where one of the material component is a sub-unit cell thick. One such 
20 example is the aforementioned 10A/50A Bi2Te3/Sb2Te3 stracture. The 10 Angstrom 
thick Bi2Te3 layer thickness is smaUer than the unit cell of Bi2Te3 along c-axis, which is 
30 Angstroms. 

ZT values disclosed herein were measured in devices using the Harman technique, 
where parameters related to a, Kj, a that make up ZT are measured at the same place, 

25 same time, with current flowing. See for example Harman, T.C., Cahn, J.H. & Logan, 
M.J., ^Measurement of thermal conductivity by utilization of the Peltier effect,". J. Appl. 
Phys. 30, pp. 135M359 (1959). This method has been extended with a variable- 
thickness approach to obtain intrinsic ZT and other themioelectric parameters. See for 
example Venkatasubramanian, R., Siivola, E., Colpitis, T., and O'Quinn, B., 'Thin-fUm 

30 thermoelectric devices with high room-temperature figures of merit," Nature, Oct. 11, 
2001. P-type phonon-blocking superlattice devices show significant sub-ambient cooling 
of as much as 40K and 32K for Thot of 353K and 298K, respectively, and the abihty to 
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remove heat-flux of 700 Watts/cm^. Photolithographically processed devices and flie 
short thermal response times associated with heat transport in thin-films can enable a 
concept of "anywhere, any time" cooling/heating. See for example U.S. Pat. No. 
6,300,150 and for example Venkatasubramanian, R., "Thin-film Thermoelectric Cooling 
5 and Heating Devices for DNA Genomics/Proteomics, Thermo-Optical Switching- 
Circuits, and IR Tags," U.S. Pat Application No. 60/282,185; the entire contents of which 
are incorporated herein by reference. 

Potential Ideality of Superlattices in Bi2Te3 Material System 

10 High-quality superlattices have been demonstrated in the Bi2Te3 system, with one 

of the individual layers as small as lOA, using a low-temperature growth process. See for 
example Appl. Phys. Lett. vol. 75, pp. 1104-1106, (1999) and U.S. Patent No. 6,071,351. 
Ultra-short-period superlattices offer significantly higher in-plane carrier mobilities 
(parallel to the superlattice interfaces) than the alloys of similar composition due to the 

15 near-absence of alloy scattering and random interface carrier scattering. 

According to the present invention, the enhanced carrier mobilities in monolayer- 
range superlattices are effective in the cross-plane direction for certain superlattices where 
a reduced Kl and so an enhanced ZT (eqn. (2)) is obtained. Full details of the 
determination of cross-plane electrical transport in superlattices are discussed in 

20 Venkatasubramanian, R., Siivola, E., Colpitts, T., and O'Quinn, B., "Thin-film 
thermoelectric devices with high room-temperature figures of merit/* Nature, Oct. 11, 
2001. 

Referring now to the drawings, wherein like reference numerals designate 
identical or corresponding parts throughout Hie several views, and more particularly to 

25 Figure 1. The anticipated heterostructure band diagram in short-period/shallow potential 
superlattices is shown in Figure la, where the valence-band offset is expected to be less 
than the average thermal energy of carriers. Thus, for 300K, with a kT of -0.026 eV, the 
desired valence band offset would be much less than 0.026 eV. The variation of the 
mobiUty anisotropy as a fimction of superlattice period, for dBi2Te3=dsb2Te3» is shown in 

30 Figure lb. Note the fi-ee-carrier concentration is isotropic, so the ratio of electrical 
resistivity anisotropy is inversely related to the mobiUty anisotropy, i.e., (l^cross-piane / \^m- 
piane). The mobiHty anisotropics of the lOA/lOA, 10A/20A, 10A/50A, 20A/20A, 
20A/30A, and 20A/40A are shown in Figure Ic. The measured cross-plane mobilities in 
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the Bi2Te3/Sb2Te3 superlattices appear to be consistent with a minibaad conduction across 
the superlattice interfaces, with fully-developed or larger valence band-offsets in 
structures for Bi2Te3 thickness >30A. The data is qualitatively sinailar to the transport 
models developed for AlGaAs/GaAs superlattices, but never reported in the 
5 Bi2Te3/Sb2Te3 systems with sub unit cell layers in si5)erlattices. See for example Palmier, 
J.R in 'Heterojunctions and Semiconductor Superlattices," Eds. Allan, G., Bastard, G., 
Boccara, R, Launoo, N. & Voos, M. (Springer- Verlag, Berlin, 1986). 

From Figure Ic, the 10A/50A, 20A/40A and 10A/20ABi2Te3/Sb2Te3 superlattices 
of the present invention show cross-plane electrical conductivities comparable to in-plane 
10 values. Of these, the 10A/50A superlattice appears to offer higher cross-plane electrical 
conductivity in the in-plane direction. This is extremely desirable for thermoelectric 
devices disclosed in U. S. Pat. No, 6,300,150; the entire contents of which are 
incorporated herein by reference. Thus, in a preferred embodiment of the present 
invention, the periods of 50 to 60A are desirable for minimizing Kl; thus the 10A/50A 
15 and 20A/40A superlattices are useful for enhanced ZT. 

Figure 2 is a graph depictmg the thennal conductivity as a function of a 
superiattice period. The Bi2Te3/Sb2Te3 superlattices of the present invention show a 
significantly reduced Kl as compared to bulk alloys, depicted by the values for a 
superlattice period of zero. 
20 A fiill description of the measurement procedure, the data, and the mechanisms are 

disclosed in Venkatasubramanian, R., "Lattice thermal conductivity reduction and phonon 
localization like behavior in superlattice structures,'' Phys. Rev. B vol. 61, pp. 3091-3097 
(2000). The thermal behavior of the superlattices of the present invention is consistent 
with phonon-transmission experiments in GaAs/AlGaAs superlattices in which coherent 
25 backscattering of phonons at superlattice interfaces is invoked but the details of which re 
more complex and subtle. 

The reduction to practice shown in the present invention of enhanced ZT suggests 
that coherent backscattering of phonons at superlattice intaiaces can yield lower Kl in the 
superlattice structures without a deterioration of electronic transport. The in-plane lattice 
30 mismatch at these superlattice interfaces is expected to be in the range of 3.6%. But 
lattice mismatches, in other material systems, in the range of 1 to 5% are expected to be 
useful. The cross-plane lattice mismatch is expected to be in the range of 4.5%. But 
lattice mismatches, in other material systems, in the range of 1 to 100% are expected to be 
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useful. A lower in-plane lattice mismatch, thereby the less likely creation of defects that 
can cause carrier scattering, and a high^ cross-plane lattice mismatch, thereby providing 
a maximum acoustic mismatch along the direction of heat flow, is preferred in the present 
invention. 

5 In conventional thermoelectric superlattices, such as for example SixGej. 

x/SiyGei.y (x not equal to y) and PbTe/PbTej.xSex, there are covalent bonds in all 
directions, unlike the Van der Waals bonding between interfaces in the Bi2Te3/Sb2Te3 
superlattices of the present invention. Accordingly, conventional thermoelectric 
superlattices are fabricated to minimize lattice mismatch in order to reduce defects in the 

10 superlattice materials. 

For the BiaTea/SbaTes superlattices, Venkatasubramanian, R. in Phys. Rev. B 61, 
3091-3097 (2000) discloses a minimum of -0.22 W/m-K at -50A in Bi2Te3/Sb2Te3 
superlattices. This value is nearly a factor of 2.2 smaller than the Kl of alloy (-0.49 
W/m-K) along the same c-axis. Kl for all the 60A-period stractures, whether it be 

15 30A/30A or lOA/SOA or 20A/40A. This value of about 0.25 W/m-K. Kl appears to be 
more dependent on the superlattice period and relatively independent of the thickness of 
the constituents. The electronic transport depends on the period and the relative thickness 
of the constituents (Fig. lb and Ic). These parameters are useful metrics in superlattice 
design for improved thermoelectric performance. Kl of 0.22 W/m-K for the optimal 

20 superlattice compare favorably with the minimum thermal conductivities (Kmin) predicted 
for Bi2Te3, using a full-wavelength or half-wavelength model of Slack for phonon mean- 
free-path. See for example Slack, G. Solid State Physics, Ed. By Ehrenreich, H., Seitz, F. 
& TumbuU, D. Ser. 34, (1979) and Scherrer, H. & Scherrer, S. in CRC Handbook of 
Thermoelectrics, Ed. by Rowe, D.M. (CRC Press, New York, 1995); the entire contents 

25 of both references are incorporated herein by reference. 

Experimental measurements of Kl of alloys (a-b and c-axes, the c-axis known as 
the trigonal axis with the a-b axis perpendicular to the c-axis) show that Kl in the 
superlattices approach K^in estimated from the models of Slack and Cahill. When all the 
phonons have a mean-free-path equal to the lattice spacing, Kmin is expected to be 

30 between the models of Slack and Cahill. The phonon mean-free-path from kinetic theory 
is in the range of 2.2A using Kl of 0.22 W/m-K. This is close to the average inter-atomic 
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spacing in BiaTes and SbaTcs along c-axis. Thus, these are characteristics of ideal 
superlattices for minimizing thermal conductivity. 



5 

Variable-Thickness ZT Measurements 

The ZT of a thermoelectric material can be obtained jfrom a unipolar 
thermoelement across which a temperature difference is developed due to Peltier effect 
from a quasi-steady-state current as in Figure 3a. During device operation, a current (I) 
10 leads to Ohmic (Vr) and Peltier (Vo) voltages across the thermoelement. Vr includes that 
from the bulk-resistance of the mesa and that from the two contacts (eqn. (3)). 



VR=pj.(l/a)I + 2(pc/a)I ...(3) 
Here, px, pc (in Ohm-cm^), 1 and a are the cross-plane electrical resistivity of tiie 
superiattice, the average specific resistivity of the two contacts, the height and cross- 
15 sectional area of the mesa device, respectively. Vo, given eqn. (4), is related to the total 
thermal conductivity and Seebeck coefficient (o±) in the cross-plane direction. Ideal 
superlattices, with negligible offsets and a miniband conduction as discussed earUer, 
exhibit only small differences between in-plane Seebeck coefficient (ce=), parallel to the 
interfaces of the superlattices, and the cross-plane Seebeck coefficients. 

20 Vo = (p±^/Kt) T (1/a) I , , (4) 

From eqns. (3) and (4), extrinsic or device figure-of-merit (ZTe) as (VoA^r) are 
derived from eqn. (5). In thick (i.e., large 1) bulk elements, where 2(pc/ pi l) is rather 
small, ZTe approaches the intrinsic or material figure-of-merit (ZTj) given by eqn. (1). 

ZTe = VoA^R= {px'T/Kjpx}[l +2(pe/px-l)] ...(5) 
25 Tx and (ox^/Kt) T are derivable, respectively, from the variation of Vr and Vq 

with 1 (or mathematically equivalent I l/a). Thus, ZT,- is 

ZTi = [dVo/d aya)3/[ eVR/a ai/a)] . . .(6) 

The data &om variable-mesa-thickness experiments are shown in Figure 3b and 
Figure 3c. The variable-thickness method for extracting ZTi works for both medium to 
30 good Pc, (i.e., the medium to good device ZTe shown in Figures 3b and 3c, respectively). 
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In Figure 3b, a ZTe is obtained (given by Vq/Vk) for the largest mesa thickness of 
-1.35 |im of -0.66. Even so, the ratio of the two slopes, from eqn. (6) above, gives a 
ZTiof2.07. 

An intercept of Vr versus 1 1/a can be used to obtain the specific contact 
5 resistivities. 

The average Pc for the sample in Figure 2b is ~1.45E-7 Ohm-cm . 

Although more than a factor of ten smaller than in bulk technology, it is still high 
for thin-film devices, limiting the extrinsic ZT to -0.66. 

In Figure 3c, however, a combination of thicker 10A/50A BiaTes/SbaTea 
10 superlattice (thickest mesa --2.67 pm) and an improved contact (average pc -1.5E-8 
Ohm-cm^) lead to a ZTc of -2.04 for the thickest mesa. The obtained low-resistivity 
Ohmic Contacts (<iE-7 Ohm-cm") facilitate transfer of the high intrinsic ZT materials 
property of the superlattice material to a high pcrfomiance thin film (i.e., 1 to 100 micron) 
thermoelectric device. 

15 The contacts of the present invention can include multi-layer metallizations of 

Cr/Au/Ni/Au and Ni/Au. Examples of other conductive metal layers suitable for use in 
the present invention include Au, Cu, Ni, Ag, Pd, Pi, Al, Ga, In, and alloys containing 
these metals. The use of Cr is desired for improving or obtaining better adhesion of the 
metal layer to the superlattice surface. E.xamplcs of other adhesion promoters suitable for 

20 use in the present invention besides Cr are NiCr, Ti, Mo, W, and alloys containing these 
metals. Ni is included to provide a diffusion barrier to bonding materials such as Pb-Sn, 
which are needed in bonding the thermoelectric devices to a heat-source or heat-sink 
header from diffusing into the superlattice. Examples of other diffusion barriers suitable 
for use in the present invention besides Ni include Cr, Pd, Fe, and other metals, thickness 

25 of a few thousand Angstroms to several microns, with a lattice stracture different from the 
superlattice materials. 

The thickness of various ohmic metallizations of the present invention can be 
Cr/Au/Ni/Au of 300 A /3000 A /300 A /3000 A and Ni/Au of 300 A /3000 A, upon which 
additional metals such as thick Au or Pb-Sn can be used to reduce spreading resistances. 

30 For the 1 0A/50A Bi2Te3/Sb2Te3 superlattice shown in Fig. 3b, the measured cross- 

plane electrical resistivity (px) is 8.47E-4 Ohm-cm. With an in-plane electrical resistivity 
(Pin-piane)of9.4SE-4 Ohm-cm, pjL/pini>iane or Kii/p,„^bnc is --1.12. For the Sample in Fig. 
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3c, pjL is 5.26e-4 Ohm-cm and the Pin-piane is 5.5E-4 Ohm-cm, and the anisotropy is -1.05. 
These are comparable to that indicated in Figure Ic for thel0A/50A Bi2Te3/Sb2Te3 
superlattice structm-e, suggesting good agreement between the two independent TLM and 
the variable-mesa-thickness ZT methods. 
5 Figure 3d shows the conventional Harman-method transient for a ~5.4-micron- 

thick lOA/SOA Bi2Te3/Sb2Te3 superlattice device. The average ZTc for two current 
directions was 2.38±0.19 at 300K. The material parameters for this 5.4-micron-thick 
superiattice fihn indicated a ZTj of 2.59 and the measured ZTe of 2.38 translates to a pc of 
~1.3E-8 Ohm-cm^ consistent with Fig. 3c. Thus, in going from a superlattice device of 
10 -1.35 irni to -2.67 pm to -5.4 pm, no significant change in ZT; is observed, and ZTe 
approaches ZTj due to a decreasing role of contact resistances (eqn. 5). 

As a check, ZT was measured on both - 1-mm-thick and thiimed-down (5 to 20 
microns) thermoelements made from bulk p-type BixSb1.xTe3.ySey (x~0.63+0.12; y~ 0.12) 
alloys, comparable to those alloys of Ettenberg et al. See for example Ettenberg, MM., 
15 Jesser, W.A., & Rosi, F.D., "A new n-type and improved p-type pseudo-ternary 
(Bi2Te3)(Sb2Te3)(Sb2Se3) alloy for Peltier cooling," Proc. of 15* Inter. Conf on 
Thennoelectrics, IEEE Catalog. No. 96TH8169, 52-56 (1996). The variable-thickness 
method indicates a ZTj of -1.09 at 300K along the a-b axis in agreement with Ettenberg et 
al. 

20 Thus, no unexpected benefits are observed resulting from just utilizing a thin-fihn 

version of the standard commercial material. Also, the ZT values in alloy fihns (non- 
superiattice structures) along the c-axis are in the range of 0.4±0.13 for carrier levels of- 
3E19 cm"^, consistent with reported values for bulk materials. 

From temperature-dependent measurements of p, a, and Kt of the p-type 

25 superlattice and noting that there is little electrical anisotropy, the estimated ZTj vs. T of 
IOA/50A p-type Bi2Te3/Sb2Te3 superlattice is shown in Figure 3 along with those of 
several materials. 

It appears that the superlattices would offer enhanced performance over bulk p- 
type Bi2-xSbxTe3 alloys at lower temperatures. This is partly due to the fact that the 
30 efBcacy of superlattices in reducing Kl improves at lower temperatures similar to our 
preliminary results in Si/Ge superlattices. See for example Lee, SJM., Cahill, D.G., and 
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Venkatsubramanian, R., AppL Phys. Lett., vol. 70, pp. 2957-2959 (1997); the entire 
contents of which are incorporated by reference. 

As proof-of-advantage that an enhanced ZT at lower temperatures can lead to 
more efficient cryogenic thermoelectric devices, U.S. Pat. AppL No. 60/190,924 obtained 
5 4 times the cooling with BiaTea/SbaTea superlattice devices compared to bulk p-type Bi2- 
xSbxTes devices at 21 OK for similar aspect-ratio (1/a), theraial load / parasitics. Figure 4 
shows that the p-type 10A/50A Bi2Te3/Sb2Te3 superlattice offers improved ZT compared 
to CsBi4Te6 alloy at '-210K. See for example Chung, D.Y. et al., "A high -perfomiance 
thermoelectric material for low-temperature application," Science vol. 287, pp. 1024-1027 
10 (2000); the entire contents of which are incorporated herein by reference. 

Phonon-Blocking Electron-Transmitting Structures 

In the present invention, the phonon-blocking electron transmitting structures, 
such as for example 10A/50A Bi2Te3/Sb2Te3 superlattices, indicate that phonon and hole 

15 (charge-carriers) transport can be engineered to improve ZT. Other structures which 
showed a ZT>1 at 300K include the 10A/40A and 20A/40A Bi2Te3/Sb2Te3 superlattices 
of the present invention. Transport characteristics of phonons and holes described by a k- 
linip product can be compared as a measure of the amount of blocking (or lack of blocking) 
for phonons and holes, where k and Imfp are the average wave-vector and mean-free-path. 

20 See for example Venkatasubramanian, R. Lattice thermal conductivity reduction and 
phonon localization like behavior in superlattice structures. Phys. Rev. B vol. 61, pp. 
3091-3097 (2000). 

For holes, the thermal velocity (vth), deBrogUe wavelength and the wave-vector 
magnitude are estimated to ~2.1E7 cm/sec, '-114A, and - 5.5E6 cm'^ , respectively. From 

25 the relation (Im^) ±- (vth m* px/q), (Imip) ± is derived as 136 A. (For the sample with ZTj 
-2.34, a [}± of 383 cm^A^-sec is deduced from pi obtained from variable-thickness ZT). 
For an average phonon-wavelength of -30A and hole deBroglie wavelength of -IMA, a 
(k.lnifp) phonons ~ 0.5 and a (k.lmfp) holes 7.6 is obtained. This comparison may capture the 
phonon-blocking electron-transmitting nature of certain superlattices, leading to enhanced 

30 ZT. 

N-type Superlattice Structures 
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ZT enhancement results of the present invention have been obtained with n-type 
IOA/50A Bi2Te3/Bi2Te2.83Sco 17 supcrlattices of the present invention indicating a ZTj > 1 
at 300K. The variable-thickness ZT measurements on these n-type superlattices shown in 
Figure 5, similar to Figures 3b and 3c, indicate a ZT of -1.46 at 300K. The best extrinsic 
5 ZTe for an n-tj'pe device has been .2 at 3(K)K. The closeness of ZT,- and ZTc is from pc 
of — 1.2E-8 Ohm-cm^. Once again, low-resistivity contacts were obtained with 
Cr/Au/Ni/Au or Ni/Au metallizations. The cross-plane (along c-axis or along the trigonal 
axis) electrical resistivity in these n-t>pe superiattices is '-L23E-3 Ohm-cm, not 
significantly higlier than the in-plane (along a-b axis) electrical resistivity of 1.04E-3 
10 Ohm-cm. Thus, in the I0A/50A n-t>pc superlattice structure, apparently because of 
weak-confinement/near-zcro band-oflscl, there is minimal anisotropy between the in- 
plane and cross-plane electrical resistivities, similar to the 10A/50A (and other) p-type 
Bi2Te3/Sb2Te3 superiattices (Figure Ic). This lack of anisotropy in electrical conductivity 
is also indicative of a miniband transport, arising from weak or negligible carrier 
15 confinement. The lack of electrical anisotropy in both the high-performance p-type and n- 
type superiattices, comparing a-b and c cr\-slalIographic axes, is in marked contrast tb the 
electrical anisotropy observed in both p-tvpc and n-t>pe bulk materials. 

The reason for the less-than-imprcssivc ZTi-1.46 at BOOK in tihe 60 A -period n- 
type Bi2Te3/Bi2Te2.83Seo.i7 superiattices, compared to ZTj -2.4 at BOOK in the best p-type 
20 Bi2Te3/Sb2Te3 superiattices, is the much higher Kl. From dVold (I l/a) and an a of -238 
pV/K, a cross-plane Kj of -9.45 mW/cm-K is estimated. Using Weidemann-Franz law 
and px of 1.23E-3 Ohm-cm, an electronic thermal conductivity of -3.7 mW/cm-K is 
obtained. Thus, the cross-plane lattice thermal conductivity is -5.8 mW/cm-K. 

This is more like the c-axis Kl of bulk alloys and much higher than the low -2.5 
25 mW/cm-K observed in a 60A-period p-i\pe Bi:Te3/Sb2Te3 superiattices which were 
reported in Phys. Rev. B 61, pp. 3091-3097 (2000). These results of the present 
invention indicate near-ideal superlattice interfaces in the Bi2Te3/Sb2Te3 system, where 
the compositional modifications of either Bi or Sb are accomplished within regions 
enclosed by the Te-Te van der Waals bond. ITius, in one preferred embodiment of the 
30 present invention, mirror-like (i.e. non-mixed) superlattice interfaces are obtained leading 
to potential reflection effects reducing Kl. In contrast, in the Bi2Te3/Bi2TexSe3.x system, 
where both Se and Te are expected to be present at the van der Waals interface, it is 
anticipated that there will be substantial unintended compositional mixing. Thus, in that 
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case, the lattice theimal conductivity is expected to be more typical of an alloy. This was 
corroborated by intemal work showing a lack of significant improvement in electronic 
mobilities for n-type Bi2Te3/Bi2Te2.83Seo.i7 superlattices (as compared to n-type Bi2Te3. 
xScx alloys), in contrast to a remarkable enhancement of carrier mobilities observed in p- 
type Bi2Te3/Sb2Te3 superlattices relative to p-type Bi2-xSbxTe3 alloys. See for example 
Venkatasubramanian, R. et al., Appl. Phys. Lett. vol. 75, pp. 1 104-1 106, (1999). 

Therefore, enhancement of ZTj tol .46 in n-tj^pe superlattices of the present 
invention (from ~1 for bulk n-type alloy) may be attributable to the lack of electrical- 
anisotropy and the typical lower lattice thermal conductivity associated with c-axis (-5.8 
mW/cm-K compared to --10 mW/cm-K along a-b axis). According to the present 
invention, more optimal n-type superlattices with low Kl are possible in superlattices with 
minimal compositional mixing at the van der Waals interface. These improvements can 
be reaUzed, according to the present invention, by improved growth interruption cycles 
between the growth of the two layers. Also superlattices such Bi2Te3/As2Te3, 
Bi2Te3/PbTe, Bi2Te3/PbTeSe can be utilized, where negligible mtermixing, as in 
Bi2Te3/Sb2Te3 superlattices, can be engineered. 

The superlattice materials and processing of the present invention enable 40K 
cooling with micro-device elements exposed to a power flux of -700 W/cm^. 

Figure 15 is a schematic of a thermoelectric device of the present invention 
utilizing p and n type thermoelements 10, 12, respectively, and having the phonon- 
blocking structures of the present invention. As shown in Figure 15, the thCTmoelectric 
device of the present invention includes a heat source plate 14, a heat sink plate 16 
operating at an elevated temperature with respect to the heat source plate 14, n-type 
thermoelectric elements 10 including the phonon-blocking structures of the present 
invention, and p-type thermoelectric elements 10 including the phonon-blocking 
structures and electrically cormected in series to the n-type thermoelectric elements 12 to 
thereby conduct electrical charges. 

Power Conversion with Thin-film Superlattice Devices 

Thin-fihn micro-devices of the present invention were tested in a power- 
conversion mode. Superlattice thin-film devices of the present invention, including 
IOA/50A Bi2Te3/Sb2Te3 superlattices, 5.2 microns in thickness and patterned with an 
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aspect ratio of height to surface area of 3 cm"^, have been shown to develop a AT of 70K 
across the devices Avith a corresponding open-circuit voltage indicating an average a of 
--243 pV/K. The AT translates into a temperature gradient of -134,000 K/cm. The 
typical Seebeck coefficient suggests no unusual departure firom classical behavior at these 
5 gradients. 

Shown in Fig. 9 is the open-circuit voltage data as a function of AT in the thin- 
film superlattice mesa device. Note that a AT of as much 70K is obtained across a 
thermoelectric device, only 5.2 micron thick, as the area of the device has been 
proportionately reduced to about 1 .76e-4 cm^. Thus., this device aspect ratio (area/length) 
10 are typical of elements based on our ihin-fihn device technology, see United States Patent 
6,300,150. Using the thin-film devices and the associated high ZT, the present invention 
can achieve modest power con\'crsion efficiencies even at low AT as indicated in Figure 
7. According to the present invention, light-weight, high-power density, thin-film power 
conversion device modules arc expected to be useful in advanced fiiel-based portable 
15 power conversion systems and thermal scavenging applications. 

The thin-film thcmuHrlcclric technology can be implemented in a modular 
approach. This implies the extension of the device technology of the present invention 
into thin-film thermoelectric hcat-punip units or power conversion devices scaled for 
various heat load capacities. Several concepts needed for such modules, like bonding of 
thin-films to heat-sink, removal of substrate, photo-lithography to achieve appropriate 1/a, 
low-resistivity contacts and preserving the extraordinary properties of the as-grown 
nanometer-superlattices during detailed processing are demonstrated by the results of the 
present invention. 

The Bi2Te3/Sb2Te3 material system, according to the present invention, is an 
example of a material system for growing superlattices that have the potential for ideal 
superlattice interfaces. Thin-film grouth techniques like molecular beam epitaxy (MBE) 
or metal organic chemical vapor deposition (MOCVD (well known in the art) can 
produce, according to the present invention, films that are oriented along the c-axis, the c- 
axis of the material being arranged perpendicular to the substrate surface. 

Also the Bi2Te3 and related chalcogenide materials have a periodic van der Waals 
(VWB) gap along the trigonal or c-axis. See for example Numerical Data and Functional 
Relationships in Science and Technology, Landolt-Bomstein series. Vol. 17, (Springer, 
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Berlin, 1983). Thus, growth of such fihns occurs with VWB gaps along the growth axis. 
The presence of VWB along the growth axis is highly desirable for obtaining abrupt 
surface terminations. See for example O. Lang, R. Schlaf, Y. Tomm, C. Pettenkofer, and 
W. Jagermann, J. Appl. Phys. Vol. 75, pp. 7805, (1994). 
5 According to the present invention, the Bi2Te3 and related chalcogenide materials 

can be produced with high-quality interfaces in spite of a significant lattice mismatch in 
the plane of the epitaxy. The present invention, by choosing superlattice components with 
a lattice mismatch, a significant acoustic mismatch is realized. At the same time, the 
superlattice components are such that there exist only small band offsets to impede the 

10 trausport of electrical carriers. The schematic of the heterojunction band diagram for the 
Bi2Te3/Sb2Te3 junction is shown in Fig. 1 as an example. 

A similar choice of optimal heterojunction material combinations can be 
conceived with many other material systems. These material systems, according to the 
present invention, can include but are not limited to thin fihns of bulk thermoelectric 

15 materials known to those in the art. Further the use of the non-alloyed components in the 
superlattice instead of the alloy also can reduce the alloy scattering of carriers. Thus, 
ideal carrier transport according to the present invention is enabled by minimizing 
interface carrier scattering due to the VWB along the growth axis which leads to very few 
defects in spite of the lattice mismatch. Accordingly, in one preferred embodiment, a pure 

20 or unalloyed component for the superlattice is chosen to avoid alloy scattering of carriers. 

According to the present invention, a phonon blocking and electron transmitting 
structure can include: 

1) Two material systems that have sufficient lattice mismatch either in the plane 
of epitaxy or perpendicular to the plane of epitaxy. This mismatch will invariably lead to 

25 an acoustic mismatch. The acoustic mismatch Scorn a unit to unit along the heat flow 
direction is important in reducing lattice thermal conductivity. 

2) A nanostructured thermoelectric material where the concept of reducing the 
phonon or heat transport, thereby reducing the lattice thermal conductivity, and 
simultaneously enhance (or not degrade) electrical transport, both with respect to a 

30 comparable alloy where such nanostructures are not utilized, to achieve an enhanced 
three-dimensional figure-of-merit (ZT) over the comparable alloy. 

3) A nanostractured thermoelectric material where the concept of reducing the 
phonon or heat transport, thereby reducing the lattice thermal conductivity, and 
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simultaneously enhance (or not degrade) the electron or electricity transport, and wherein 
no substantial quantum confinement effects are employed as revealed by the lack of 
Seebeck coefficient enhancement from enhanced density of states from quantum- 
confinement effects as discussed in Hicks, L.D. & Dresselhaus, M.D. Effect of quantum- 
well structures on the themaoelectric figure of merit. Phys. Rev. B 47, pp. 12727-12731 
(1993) , both with respect to a comparable alloy where such nanostructures are not 
utilized, to achieve an enhanced three-dimensional figure-of-merit (ZT) over the 
comparable alloy. 

4) A nanostructured thermoelectric material where the concept of reducing the 
phonon or heat transport may be small, but the simultaneous enhancement of the electrical 
transport by the removal of electrical anisotropy through a mini-band formation , both 
with respect to a comparable alloy where such nanostructures are not utilized, achieves an 
enhanced three-dimensional figure-of-merit (ZT) over the comparable alloy 

5) Two material systems that have van der Waals like bonding along the growth 
axis so that the lattice mismatch can be accommodated with very little defects such a 
dislocations that tend to disrupt the flow of electricity or charge carriers. Thus, these 
defects are not a major source of phonon scattering because defects also scatter the 
electrical carriers. 

6) Two material systems that have minimal band offsets, like energy offsets 
within kT at room temperature. For example, in the p-Bi2Te3/Sb2Te3 superlattice system, 
the offset is small. The effect of the band offset can further be reduced by choosing 
component dimensions less than a xmit cell like lOA Bi2Te3 in a 10A/50A superlattice or 
20A Bi2Te3 in a 20A /40A superlattice, while keeping the period of the unit cell same. 
Note that a 30A/30A superlattice, with the same period of 60A, has a similar phonon 
blocking characteristic as 10A/50A or 20A/40A but with much higher electrical 
resistivity. 

7) A materials system having a conduction miniband, but the conduction 
miniband is applied in a superlattice for electrical current transport along the VWB 
direction to overcome the electrical anisotropy. 

More specifically and in preferred embodiments, the present invention separately 
or in combination utilizes: 

1) Superlattices in the Bi2Te3/Sb2Te3 material system oriented along C-axis so 
that the VWB's are along the growth axis. 
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2) BiaTea buffer between a GaAs growth-substrate and a Bi2Te3/Sb2Te3 
superlattice of the present invention so that high quality epitaxial growth, prior to 
substrate removal, is possible. 

3) Superlattice properties of a) total thermal conductivity of 5 to 12 mW /cm-K 
5 with lattice contribution of only 2.5 mW/cm-K, Seebeck coefficients of -200 to 250 

|iV/K, and electrical resistivities of -0.5 mOhm-cm to 1.5 mOhm-cm along the c-axis. 
Superlattice structures with a) total thermal conductivity of 5 to 20 mW /cm-K with 
lattice contribution of only 1 to 6 mW/cm-K, Seebeck coefficients of -175 to 350 M-V/K, 
and electrical resistivities of -0.25 mOhm-cm to 3 mOhm-cm along the c-axis can also, 
10 according to the present invention, enhance ZT. 

4) Superlattice periods in a preferred range of 50 to 60 A lead to a minimum in 
lattice thermal conductivity in the Bi2Te3/Sb2Te3 and Bi2Te3/Bi2Te3.xSex system. Kl 
for all the 60A-period Bi2Te3/Sb2Te3 superlattice structures, whether it be 30A/30A or 
IOA/50A or 2OA/40A, is about 0.25 W/m-K. However, the present invention is not 

15 restricted to this preferred range of superlattice periods, but as shoAvn herein, will be 
practiced such that for a given superlattice materials system the periodicity is optimized 
with respect to minimizing lattice thermal conductivity. While KL appears to be more 
dependent on the superlattice period, relatively independent of the thickness of the 
constituents, while the electronic transport depends on the period and the relative 

20 thickness of the constituents. 

5) Seebeck coefficient, confirmed by variable thickness ZT measurements and 
related measurements, of the cross-plane Seebeck coefficient is almost same as in-plane 
Seebeck coefficient, based on power device data. 

6) At least two material systems having a superlattice with a sufficient lattice 
25 mismatch in the plane of epitaxy to result in an acoustic mismatch. The acoustic 

mismatch from a unit to unit along the heat flow direction is important in reducing lattice 
thermal conductivity. Here, the optimum period to minimize Kl, as seen in the contrast 
between BiaTes/SbzTea versus Bi2Te3/Bi2Te2.85Seo.i5 superlattices, should provide a VWB 
with clean, abrupt interfaces. 
30 7) At least two material systems in a superlattice that have van der Waals like 

bonding along the growth axis. In such systems, the lattice mismatch is acconamodated 
with very few defects that deteriorate electrical transport. 
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8) At least two material systems, for operation at an average absolute temperature 
T, such that the two material systems have minimal band offeets, like within kT, where k 
is the Boltzmami constant. For example, in the p-Bi2Te3/Sb2Te3 superlattice system, the 
offset is small. The effect of offset can be further reduced by choosmg component 
5 dimensions less than a unit cell like lOA Bi2Te3 in a 10A/50A superlattice or 20 A Bi2Te3 
in a 20A /40A superlattice, while keeping the period same. Note that the SOA/SOA 
superlattice, with the same period of 60A, has similar phonon blocking characteristic as 
lOA/SOA or 20A/40A but also has a much higher electrical resistivity. Miniband 
conduction could be utilized in a superlattice stmcture of the present invention, for current 
10 transport along the VWB direction, to overcome the electrical anisotropy. 

10) Preferably pure or vmalloyed components for the superlattice to avoid alloy 
scattering of carriers. 

11) Phonon-blocking electron transmitting structures (PBETS) under high- 
pressure to increase the ZT further. The pressure can be realized, according to the present 

15 invention, by including chemical dopants into the PBETS to generate misfit-induced 
pressure. 

12) Phonon-blocking electron transmitting structures (PBETS) under a magnetic 
field to increase the ZT further. The magnetic filed can be realized, according to the 
present invention, by including as chemical dopants magnetic materials into the PBETS to 

20 generate misfit-induced pressure. 

13) Ultra-low specific contact resistivity Ohmic contacts applied to either end of a 
thin-film thermoelectric device. Typical Ohmic metallizations could be Cr/Au/Ni/Au 
and/or Ni/Au. The use of Cr helps ia adhesion v^hile Ni is used for reducing inter- 
diffiision of bonding materials such as PbxSni.x alloys during device fabrication. As an 

25 example, the thickness of Cr can range fi-om 100 Angstroms to several microns and the 
thickness of Ni can range firom 100 Angstroms to several microns. Specific contacts in the 
range of 10"^ Ohm-cm^ to 10"^ Ohm-cm^ or lower so that device ZT (ZTe) approaches 
intrinsic ZT (ZT,) as discussed above. 

14) The thin-film thermoelectric cooling modules, based on these superlattices or 
30 other thermoelectric materials, located on the backside of dynamic random access 

memory (DRAM) chips to make the chips operable as static random access memory 
(SRAM) chips or to cool a microprocessor chip, a laser chip, or a superconducting chip or 
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to cool an object as in refrigeration or air-conditioning. Thus, the thennoelectric cooling 
modules can be used to cool heat exchangers in refrigerators or air conditioners. 

15) Low temperature grown Bi2Te3/Sb2Te3 superlattices, as described for 
example in U. S. Pat. No. 6,071,351 to be carried out below 190°C, allowing application 

5 of these high-perforaiance thermoelectric modules, in a monolithic fashion, to convert 
dynamic random access memory (DRAM) chips to static random access memory (SRAM) 
or to cool a microprocessor chip, a laser chip, or a superconducting chip, or to cool an 
object as in refrigeration or air-conditioning. 

16) Low-dimensional (lOA to lOOA) type phonon-blocking, electron-transmitting 
10 structures, formed from superlattices (i.e., low-dimensional in one axis out of three 

possible orthogonal axes) implemented in quantum-wires and carbon nano-tubes (i.e., 
low-dimensional along two orthogonal axes) as well as in quantum-dots or nano-dots or 
quantum-boxes (i.e., low-dimensional along three orthogonal axes). In the case of 
quantum-wires, these could be an assemblage of one or more mesa structures 20 shown 

15 for example in Figure 12b formed on a growth substrate 22, where the cross-sectional 
dimensions of the mesa are in the range of 10 to 1000 Angstroms, denoted as ax and ay in 
Figure 12b. Figure 12a shows the transition of a large-area (along x and y axes) 
superlattice stracture 22 along a z-axis, into a wire along the z-axis. Note that, in spite of 
the periodic superlattice stracture along z-axis, that reduces thermal conductivity along z- 

20 axis, the electric current flow along z-axis is not impeded or deteriorated along the z-axis. 
Thus in both Figures 12a and 12b, heat is impeded along z-axis by the phonon-blocking 
superlattices in the mesa structures 20 or the superlattice structure 22, but the proper 
choice of band offsets of the materials that constitute the superlattices is such that the 
electric current flow is not impeded along the z-axis. 

25 According to the present invention, a miniband conduction of electrons (in n-type) 

or holes (in p-type) is formed along the z-axis. Note that in Figure 12b, in contrast to 
Figure 12a, the lateral size-confinement (along x and y-axis) can lead to Seebeck 
coefBcient enhancement. Thus, according to the present invention, phonon-blocking 
electron transmitting structures with low-dimensionality, cause quantum-confinement 

30 along X and y-axes orthogonal to the cxurent and heat flow. These orthogonally-quantum- 
confined superlattice phonon-blocking electron-transmitting stractures benefit from a 
thermal conductivity reduction in the direction of heat flow without deterioration or actual 
enhancement of electrical transport along the direction of heat flow (along z-axis in the 
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example shown in Figure 12b) while at the same time benefit fi-om enhanced density of 
states fiom lateral confinement in the x,y plane, thereby improving the Seebeck 
coefficient. 

The present invention recognizes the difficulty in the fabrication of structures with 

5 ax and ay in the range of 10 to 1000 Angstroms to provide the lateral confinement. 
According to the present invention, electron beam lithography-based reactive ion etching 
(that leads to vertical walls) or self-assembly processes, both well known in the art can be 
utilized to form the precise structures. 

In another preferred embodiment, orthogonally-quantum-confined superlattice 

10 phonon-blocking electron-transmitting struchires 32 include orthogonally-quantinn- 
confined, nano-dots or quantum-dots or quantiim-boxes 30 with superlattice phonon- 
blocking electron-transmitting structores 32 stacked along the z-axis shown in Figures 13a 
and 13b. These phonon-blocking electron-fa-ansmitting structures are achievable with 
self-assembly of the nano-dots or quantum-dots or the quantum-boxes 30 during growth 

15 by a chemical vapor deposition or a wet-chemistry process on a substrate 22. The self- 
assembly utilizes a periodic encapsulation layer 34 between layers of quanhun boxes 30. 
Each encapsulation layer 34 is a moderate electrical and thermal conductor such as for 
example GaAs. As shown in Figure 13b, a higih packing fi:action (40 to 80%) or volume 
fi-action (40 to 80%) of these orthogonally-quantiim-confined, nano-dots or quantum-dots 

20 or quantum-boxes 30 with superlattice phonon-blockmg electron-tiransmitting structures 
32 in the overall matrix of the encapsulation layer 34 is preferred. 

In another preferred embodiment, orthogonally-quantum-confined phonon- 
blocking electron-transmitting staiictures 42 of the present invention include orthogonally 
quantum-confined, sphere-like, nano-dots or quantum-dots or quantum-boxes 40 stacked 

25 in layers along the z-axis shown in Figures 14a and 14b. These structures are achievable 
with self-assembly of the nano-dots or quantiun-dots or the quantum-boxes 40 during 
growth by chemical vapor deposition or wet-chemistry processes, with a periodic 
encapsulation layer 34 which is a moderate electrical and thermal conductor such as for 
example GaAs. As shown in Figure 14, a high packing firaction (40 to 80%) or volume 

30 fi-action (40 to 80%) of these orthogonally-quantum-confined, sphere-like nano-dot or 
quanttun-dot or quantum-box 40 with phonon-blocking electron-fi-ansmitting structinres 42 
in the overall mataix of the encapsulation layer 34 is preferred. As shown in the inset of 
Figure 14, the sphere-like quantum dots 40 include a central core material 44 and a 
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peripheral material 46. The interfaces between these materials constitute, according to the 
present invention, a phonon-blocking, electron-transmitting interface 48, and the 
arrangement (i.e., the packing) provides the requisite phonon-blocking electron- 
transmitting structure 42. 
5 The sphere-hkc layered structures can be obtained using solution growth of first 

layer, followed by solution growth of the second layer. The two-layered process can be 
repeated many times, if necessary, two create multi-layered spheres as well. These layered 
spheres can then be transferred onto the substrate and covered with the encapsulation 
template. This step can be repeated many times to create 1 to 100-micron thick films 

10 which will behave like orthogonally quantum-confined, phonon-blocking electron 
transmitting structures. 

All the characteristics described abo\c con be implemented in engineered bulk 
materials, if ways to form natural superlaiticcs or natural quantum-wires or quantum-dots 
are developed. For example, materials such as PbTe, PbSe, and other similar materials 

15 can potentially form these structures, naturally, in bulk form. Other potential approaches 
in this regard may include spinodal decomposition, natural ordering, etc. in bulk 
materials. Approaches that can encourage llicsc structures in bulk materials may include 
rapid heating/quenching to create stable nicta-siable phases and inclusions. 

hi the present invention, a themioelcciric device with ZT of ~2.4 can operate as a 

20 thermoelectric cooler with a hot side Thot --100 ^^C, and still maintain T^old ~ 0 to 20 °C, 
in a single stage cooler. Thus the thermoclcctnc cooler of the present invention is 
applicable to air-conditioning and refrigeration needs, and simplifies heat-removal at the 
hot-side using phase-change of water, a common and a very effective heat-transport 
liquid. For example, thin-film micro-devices of the present invention were tested in a 

25 power-conversion mode. Bi2Te3/Sb2Te3 supcrlaiticc thin-film devices of the present 
invention, 5.2 microns in thickness, have been shown to develop a temperature 
differential, dT, of 70K across the devices with a corresponding open-circuit voltage 
indicating an average Seebeck coefficient of -243 micro V/K. The dT translates into a 
temperature gradient of -134,000 K/cm. The t\pical Seebeck coefficient suggests no 

30 unusual departure fi"om classical behavior at these gradients. Thus the phonon-blocking, 
electron transmitting superlattice structures, such as those described here, are likely to be 
characterized by Seebeck coefficients not different from comparable alloys. However, if 
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as described in the case of orthogonally confmed phonon-blocking electron transmitting 
structures, they may have higher Seebeck coefficients than comparable alloys. 

The superlattices of the present invention are preferably formed during MOCVD 
growth, for high ZT, using the low-temperature growth as discussed in U.S. Pat. No. 
6,071, 35 L The lower substrate-temperature during growth, typically reduced by about 50 
to 150 "^C from the cracking temperature of 350 °C as discussed in U.S- Pat. No. 
6,071,351, leads to lower lattice thermal conductivity of 2.5 mW/cm-K in p-type 
10A/50A BizTea/SbaTea superlattice along the c-axis compared to about 5 to 6 mW/cm-K 
for the IOA/50A Bi2Te3/Sb2Te3 superlattice grown directly on a susceptor (as discussed in 
U.S. Pat. No. 6,071,351) due to the higher substrate temperatures, hi addition, the higiher 
substrate temperatures lead to higher electrical resistivity in the superlattices along the c- 
axis, from the lack of absence of electrical anisotropy. Thus the lower lattice thermal 
conductivity, the higher electrical resistivity along the c-axis than along a-b axis , and the 
concomitant increase in ZT realized in the present invention, are an indication that the 
lower substrate temperatures employed during growth is beneficial. Of course, the lower 
substrate temperatures can be achieved in many ways known to the skilled in the art. 

Numerous modifications and variations of the present invention are possible in 
light of the above teachings. It is therefore to be understood that within the scope of the 
appended claims, the invention may be practiced otherwise than as specifically described 
herein. 
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CLAIMS: 

1. A thermoelectric structure comprising: 

at least first and second material systems having different lattice constants and 
interposed in contact with each other; 
5 a physical interface at which said at least first and second material systems are 

joined with a lattice mismatch and at which structural integrity of said first and second 
material systems is substantially maintained; and 

said at least first and second material systems having a charge carrier transport 
direction normal to said physical interface. 
10 2. The structure of Claim 1, wherein said physical interface is a Van Der Waals 

bonded interface between said first and second material systems. 

3. The structure of Claim 1, wherein said lattice mismatch is in at least a plane 
parallel to a central axis common to both materials, said lattice mismatch producing an 
acoustic mismatch and thereby reducing thermal conduction along the central axis. 
15 4. The structure of Claim 1, wherein said lattice mismatch is in at least a plane 

perpendicular to a central axis common to both first and second material systems, said 
lattice mismatch producing an acoustic mismatch and thereby reducing thermal 
conduction along the central axis. 

5. The stracture of Claim 1, wherein said at least first and second material systems 
20 have a band energy offset within kT at a predetermined temperature, said bond energy 

offset selected to permit charge transport across a central axis common to both materials 
systems at the predetermined temperature, where k is the Boltzmann constant and T is 
absolute temperatiu-e. 

6. The stracture of Claim 5, wherein the band energy offset is in a range firom near 
25 zero to --SkT. 

7. The stracture of Claim 5, wherein the band energy offset is less than or equal to 

2kT. 

8. The stracture of Claim 1, wherein said at least first and second material systems 
and the physical interface comprise: 

30 a superlattice stracture having a conduction miniband which transports electrical 

current normal to said physical interface. 

9. The stracture of Claim 8, wherein said physical interface comprises a Van der 
Waals bonded mterface. 
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10. The Structure of Claim 8, wherein said superlattice structure comprises 
covalent bonds and said minband is configured to have a current transport direction along 
said covalent bonds. 

11. The structure of Claim 1, wherein said at least first and second material 
5 systems and the physical interface comprise: 

superlattices in a Bi2Te3/Sb2Tc3 material system oriented along a c-axis so that 
Van der Waals bonds are along a central axis common to both materials systems. 

12. The structure of Claim I, wherein said at least first and second material 
systems and the physical interface comprise: 

10 superlattices in a Bi2Te3/Bi;TexSc3.^ material system oriented along a c-axis so 

that Van der Waals bonds are along a central axis common to both materials systems. 

13. The structure of Claim 1, wherein said at least first and second material 
systems and the physical interface comprise: 

a Bi2Te3/Sb2Te3 superiattice, said Bi:Te3/Sb2Te3 superlattice formed on a Bi2Tej3 
15 buffer deposited on a GaAs growih-substrate prior to a Bi2Te3/Sb2Te3 superiattice 
deposition. 

14. The structure of Claim 1, wherein said at least first and second material 
systems and the physical interface comprise: 

a Bi2Te3/Bi2TexSe3-x superlattice Tormed on a Bi2Te3 buffer deposited on a GaAs 
20 growth substrate prior to a Bi2Te3/Bi2TexSe3.x superlattice deposition, and remaining after 
removal of the Bi2Te3 buffer and the growih substrate. 

15. The structure of Claim 1, wherein said at least first and second material 
systems and the physical interface comprise: 

a superiattice structure having a total thermal conductivity between 5 and 20 mW 

25 /cm-K. 

16. The structure of Claim 1, wherein said at least first and second material 
systems and the physical interface comprise: 

a superlattice stmcture having a lattice contribution to said total thermal 
conductivity of - 1 to 6 mW/cm-K. 

17. The stmcture of Claim 1, wherein said at least first and second material 
systems and the physical interface comprise: 

a superlattice structure having a Seebeck coefficient between -175 and 350 |iV/IC 
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18. The structure of Claim 1, wherein said at least first and second material 
systems and the physical interface comprise: 

a superlattice structure having an electrical resistivity between --0.25 mOhm-cm 
and 3 m-Ohm-cm along a c-axis of the superlattice structure. 
5 19. The stmcture of Claim 1, wherein said at least first and second material 

systems and the physical interface comprise: 

a superlattice structure with periods in said superlattice stracture in a range of'- 30 
to 80 A. 

20. The stmcture of Claim 1, wherein said at least first and second material 
10 systems and the physical interface comprise: 

a superlattice structure with periods in said superlattice stmcture in a range of — 50 
to 60 A. 

21. The stmcture of Claim 1, wherein said at least first and second material 
systems have a cross-plane Sccbcck cocflicient within an order of magnitude of an in- 

15 plane Seebeck coefficient. 

22. The stracture of Claim I, wherein said at least first and second material 
systems and said physical interface comprise: 

a superlattice structure with a lattice mismatch at said interface occurring in a 
plane of epitaxial growth of said at least two material systems and providing an acoustic 
20 mismatch to reduce thermal conduction across said physical interface. 

23. The stmcture of Claim 22, wherein, said super lattice stracture includes 
Bi2Te3/Sb2Te3 and Bi^Tcy^Bi^Tc: s>Seo 15 superlattices having van der Waals bonded 
interfaces. 

24. The stracture of Claim 1, wherein said at least first and second material 
25 systems and the physical interface comprise: 

a superlattice stracture having band offsets between interfaces of said superlattice 
stracture ranging from near zero to 3 kT, where k is the Boltzmann constant and T is 
absolute temperature for a predetermined temperature of charge carrier transport. 

25. The stracture of Claim 24, wherein said band offsets range from - kT to 2 kT. 
30 26. The stracture of Claim 25, wherein said superlattice stracture has component 

dimensions less than a unit cell of said superlattice stracture without varying a period of 
said superlattice stracture. 
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27. The structure of Claim 1, wherein the at least first and second material systems 
include a superlattice structure joined by a Van Der Waals bonding interface, said 
superlattice structure having a miniband current transport direction along a Van Der 
Waals bonding direction. 
5 28. The structure of Claim 1, wherein the at least first and second material systems 

include a superlattice structure joined by a covalent bonding interface, said superlattice 
structure having a miniband cuirent transport direction along a covalent bonding 
direction. 

29. The stmcture of Claim 1, wherein the at least first and second material systems 
10 include a superlattice structure consisting substantially of only pure and unalloyed 

components. 

30. The structure of Claim 1, wherein the at least first and second material systems 
have a ZT of at least 1 .4. 

31. The structure of Claim 1, wherein the at least first and second material 
15 systems are deposited using metal organic chemical vapor deposition, 

32. The structure of Claim 1, comprising: 

orthogonally-quantum-confined superlattice phonon-blocking electron- 
transmitting structures. 

33. The structure of Claim 32, comprising: 

20 at least one of a quantum wire, a quantum dot, a nano-dot, and a quantum box. 

34. The stmcture of Claim 33, comprising: 

carbon nano-tubes included in said at least first and second material systems and 
comprising quantum wires. 

35. The structure of Claim 32, comprising: 

25 an orthogonally quantum-confined and sphere-like nano-dot, quantum-dot, or 

quantum-box. 

36. A thermoelectric device comprising: 
a heat source plate; 

a heat sink plate operating at an elevated temperature with respect to the heat 
30 source plate; 

at least one n-type thermoelectric element including the thermoelectric structure of 
Claim 1; 
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at least one p-type thennoelectric element including the thermoelectric stracture of 
Claim 1 and electrically connected in series to said at least one n-type theraioelectric 
element. 

37. The device of Claim 36, further comprising: 

5 ohmic contacts to the at least one n-type thermoelectric element and the t least one 

p-type thennoelectric element. 

38. The device of Claim 37, wherein the ohmic contacts include Cr. 

39. The device of Claim 36, wherein the ohmic contacts include at least one 
adhesion promoter. 

10 40. The device of Claim 39, wherein the adhesion promoter includes one or 

more metals selected from Cr, NiCr, Ti, Mo, W, and alloys containing these metals. 

41 . The device of Claim 37, wherein the ohmic contacts include at least one 
diffusion barrier. 

42. The device of Claim 41, wherein the diffusion barrier includes one or more 
15 metals selected from Ni, Cr, NiCr, Pd, Fe, and alloys containing these metals. 

43. The device of Claim 42, wherein the ohmic contacts have a resistivity less than 
10'^ Ohm-cm^. 

44. The device of Claim 37, wherein the ohmic contacts comprise Ohmic 
metallizations of at least one of Cr, Au, Ni, and Au. 

20 45. The device of Claim 44, wherein the ohmic metallizations include one or 

more metals selected from a group of Au, Cu, Ni, Ag, Pd, Pt, Al, Ga, In, and alloys 
containing these metals. 

46. The device of Claim 45, wherein the ohmic contacts have a resistivity less than 
10"^ Ohm-cm^. 

25 47. The device of Claim 36, wherein the thermoelectric device is a thermoelectric 

cooler. 

48. The device of Claim 47, wherein the thennoelectric cooler comprises at least 
one of a refrigerator and an air conditioner. 

49. The device of Claim 36, wherein the themioelectric device is a power 
30 conversion device 

50. Thedeviceof Claim 36, further comprising: 
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a pressurizing mechanism including chemical dopants in themioelectric 
nanostructures of the at least first and second material systems, said chemical dopants 
configured to generate a misfit-induced pressure in the thermoelectric structure. 

51. The de\dce of Claim 36, fiirther comprising: 

5 a magnetizing mechanism including chemical dopants in thermoelectric 

nanoastructures of the at least first and second material systems, said chemical dopants 
including magnetic materials. 

52. A dynamic random access memory including the thermoelectric devices of 
any one of Claims 36, 50, and 51 configured as at least one cooler. 

10 53. The memory of Claim 52, wherein the dynamic random access memory is 

configured as a static random access memory. 

54. A themioelectric power conversion device comprising: 

at least first and second material systems having different lattice constants and 
interposed in contact with each other; 
15 a physical interface at which said at least first and second material systems are 

joined with a lattice mismatch and at w hich stractural integrity of said first and second 
material systems is substantially maintained; 

said at least first and second material systems having a charge carrier transport 
direction normal to said phx^stcal interface; 
20 a heat sink connected to the at least first and second material systems; 

a heat source connected to the heat sink through the at least first and second 
material systems; and 

electrodes connected to the at least first and second material systems and 
configured to output a thermoelectric voltage. 
25 55. The device of Claim 54, wherein said heat sink comprises a cold side of 250 

K to 31 OK and said heat source comprises a hot side of 3 10 to 450K. 

56. The device of Claim 54, wherein the thermoelectric device has a ZT of at least 

1.4. 

57. The device of Claim 54, fiirther comprising: 

30 a pressurizing mechanism including chemical dopants in thermoelectric 

nanostructures of the at least first and second material systems, said chemical dopants 
configured to generate a misfit-induced pressure in the stmcture. 

58. The device of Claim 54, fiirther comprising: 
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a magnetizing mechanism including chemical dopants in theraioelectric 
nanoastractm-es of the at least first and second material systems, said chemical dopants 
including magnetic materials. 

59. A thermoelectric heating and cooling device comprising: 

5 at least first and second material systems having different lattice constants and 

interposed in contact with each other; 

a physical interface at which said at least first and second material systems are 
joined with a lattice mismatch and at which stractural integrity of said first and second 
material systems is substantially maintained; 
10 said at least first and second material systems having a charge carrier transport 

direction normal to said physical interface; 

at least one of a heat sink and a heat source connected to the at least first and 
second material systems; and 

said thermoelectric device configured to direct charge transport to at least one of 
15 the heat sink for cooling and the heat source for heating. 

60. The device of Claim 59, wherein said heat sink comprises a cold side of 250 
K to 31 OK and said heat source comprises a hot side of 310 to 450K. 

61 . The device of Claim 59, wherein the thermoelectric device has a ZT of at least 

1.4. 

20 62. The device of Claim 59, fiirther comprising: 

a pressurizing mechanism including chemical dopants in thermoelectric 
nanostructures of the at least first and second material systems, said chemical dopants 
configured to generate a misfit-induced pressure in the structure. 

63. The device of Claim 59, fiuther comprising: 

25 a magnetizing mechanism including chemical dopants in thermoelectric 

nanoastructures of the at least first and second material systems, said chemical dopants 
including magnetic materials. 

64. The device of Claim 59, wherein said heat sink is configured to connect to at 
least one of a microprocessor chip, a laser chip, and a superconducting chip. 

30 65. The device of Claim 59, wherein said heat source is configured to coimect to 

components of at least one of a microprocessor chip, a laser chip, and a superconducting 
chip. 
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66. The device of Claim 54, wherein said heat sink is configured as a heat 
exchanger in a refiigerating unit. 

67. The device of Claim 54, wherein said heat sink is configured as a heat 
exchanger in an air conditioning unit. 

5 68. A thermoelectric power conversion device comprising: 

means for phonon-blocking and electron-transmitting across at least first and 
second material systems having different lattice constants and interposed in periodic 
contact with each other; 

a heat sink connected to the at least first and second material systems; 
10 a heat source connected to the heat sink through the at least first and second 

material systems; and 

electrodes connected to the at least first and second material systems and 
configured to output a thermoelectric voltage, 

69. A thermoelectric cooling and heating device comprising: 
15 means for phonon-blocking and electron-transmitting across at least first and 

second material systems having different lattice constants and interposed in periodic 
contact with each other; 

at least one of a heat sink and a heat source connected to the at least first and 
second material systems; and 

20 said thennoelectric device configured to direct charge transport to at least one of 

the heat sink for cooling and the heat source for heating. 

70. The device of Claim 1, wherein the lattice mismatch between the at least fnst 
and second material systems ranges from - 1 to 100%. 

71. The device of Claim 70, wherein the lattice mismatch between the at least 
25 first and second material systems ranges from - 1 to 5%. 

72. The device of Claim 54, wherein the lattice mismatch between the at least 
first and second material systems ranges from 1 to 100%. 

73. The device of Claim 72, wherein the lattice mismatch between the at least 
first and second material systems ranges from 1 to 5%. 

30 74. The device of Claim 59, wherein the lattice mismatch between the at least 

first and second material systems ranges fix>m ~ 1 to 100%. 

75. The device of Claim 74, wherein the lattice mismatch between the at least 
first and second material systems ranges from ~ 1 to 5%. 
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76. The device of Claim 1, wherein the at least first and second material systems 
are periodically arranged. 

77. The device of Claim 54, wherein the at least first and second material systems 
are periodically arranged. 

5 78. The device of Claim 59, wherein the at least first and second material systems 

are periodically arranged. 
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